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ABSTRACT
The James Webb Space Telescope (JWST) offers unprecedented sensitivity, stability, and wavelength
coverage for transiting exoplanet studies, opening up new avenues for measuring atmospheric abun-
dances, structure, and temperature profiles. Taking full advantage of JWST spectroscopy of planets
from 0.6µm to 28µm, however, will require many observations with a combination of the NIRISS,
NIRCam, NIRSpec, and MIRI instruments. In this white paper, we discuss a new NIRCam mode
(not yet approved or implemented) that can reduce the number of necessary observations to cover
the 1.0µm to 5.0µm wavelength range. Even though NIRCam was designed primarily as an imager,
it also includes several grisms for phasing and aligning JWST’s 18 hexagonal mirror segments. NIR-
Cam’s long-wavelength channel includes grisms that cover 2.4µm to 5.0µm with a resolving power
of R = 1200 − 1550 using two separate configurations. The long-wavelength grisms have already
been approved for science operations, including wide field and single object (time series) slitless spec-
troscopy. We propose a new mode that will simultaneously measure spectra for science targets in the
1.0µm to 2.0µm range using NIRCam’s short-wavelength channel. This mode, if approved, would take
advantage of NIRCam’s Dispersed Hartmann Sensor (DHS), which produces 10 spatially separated
spectra per source at R ∼ 300. We discuss the added benefit of the DHS in constraining abundances
in exoplanet atmospheres as well as its ability to observe the brightest systems. The DHS essentially
comes for free (at no time cost) with any NIRCam long-wavelength grism observation, but the detector
integration parameters have to be selected to ensure that the long-wavelength grism observations do
not saturate and that JWST data volume downlink constraints are not violated. Combining both of
NIRCam’s channels will maximize the science potential of JWST, which is a limited life observatory.
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1. INTRODUCTION
The James Webb Space Telescope (JWST; e.g. Gard-
ner et al. 2006) has the potential to profoundly ex-
pand and deepen the science of transiting exoplanets
(e.g. Greene et al. 2016). The wavelength coverage from
0.6µm to 28µm adds significantly to the wavelengths cov-
ered by the Hubble Space Telescope (HST) (currently
0.09µm to 1.7µm). Its unprecedented infrared sensitivity
and stable orbit at the second Lagrange (L2) point make
it an excellent platform for time series observations to
characterize the atmospheres of planets that transit their
host stars (Beichman et al. 2014; Stevenson et al. 2016).
Ground-based observatories and the Hubble Space Tele-
scope have made important measurements of Na, K, H2O
and CO in a variety of hot Jupiter and hot Neptune
planets (e.g. Charbonneau et al. 2002; Redfield et al.
2008; Snellen et al. 2008; Brogi et al. 2012; Rodler et al.
eas342@email.arizona.edu
2012; Birkby et al. 2013; Kreidberg et al. 2014; Fraine
et al. 2014; Deming et al. 2013; Sing et al. 2016). JWST
has the capability of characterizing carbon-bearing and
oxygen-bearing molecules such as CH4, CO, CO2 and
H2O at high precision to improve measurements of planet
metallicity and C/O in comparison to its host star. De-
pending on the composition and size of the clouds and
hazes in exoplanet atmospheres, the longer wavelengths
observed by JWST may penetrate these clouds and hazes
(e.g. Morley et al. 2015).
No single JWST instrument can measure a spectrum
over the full wavelength range from 0.6µm to 28µm,
so multiple transits or secondary eclipses are necessary
to piece together a broadband spectrum. The largest
bandwidths possible are NIRSpec’s low resolution dou-
ble prism (0.7−5.0 µm) and MIRI’s low resolution prism
(LRS; 5 − 12 µm). Unfortunately, NIRSpec’s low reso-
lution prism mode is so sensitive that it saturates for
most sources at a J magnitude of ∼11 (Beichman et al.
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2014), so many nearby bright planetary systems must
be observed with higher resolution (but smaller wave-
length coverage) modes and instruments. For exam-
ple, to create a transmission spectrum for HD 209458b
(Henry et al. 2000; Charbonneau et al. 2000) from 0.7µm
to 12µm, an observer would have to stitch together at
least four different transits: one with NIRISS SOSS (0.6
- 2.5 µm), two with NIRCam’s long-wavelength channel
grisms (F322W2 and F444W + grisms; 2.44− 4.98 µm)1
and one with MIRI LRS (5 − 12 µm). Using the As-
tronomer’s Proposal Tool (APT) software2, each transit
observation (pre-ingress, transit, and post-ingress) re-
quires ∼9 hours and incurs overheads of ∼2 hours, re-
sulting in a total of ∼11 hours per transit and hence
∼44 hours total to cover the full wavelength range.
The NIRCam instrument is primarily an imager, but it
includes several spectroscopic modes originally designed
for observatory wavefront sensing. These include the
grisms installed in its long-wavelength channel as well as
the Dispersed Hartmann Sensors (DHSs) installed in its
short-wavelength channel. The long-wavelength grisms
are used in concert with broadband filters. The F322W2
filter covers 2.44µm to 4.02µm half maximum through-
put while the F444W filter covers 3.88µm to 4.98µm at
half maximum throughput. These filters and grism are
enabled and supported JWST science modes. The DHS
would be used primarily with the F150W2 filter, which
covers from 1.01µm to 2.35µm at half maximum through-
put. The range from 2.02µm to 2.35µm will probably be
discarded because the second order of the spectrum be-
gins to overlap at 2.0µm.3 When using the DHS with the
F150W2 filter and pairing it with the long wavelength
grisms (F322W2 and F444W), the wavelength coverage
will therefore be 1.0 to 5.0µm with a gap from 2.00µm to
2.44µm. This wavelength gap can include a CH4 feature
for cool planets, but other CH4 bands are also visible at
1.7µm and 3.5µm.
The NIRCam instrument can reduce the number of
transits needed to build up a 1µm to 5µm transmission or
emission spectrum of a planet. This is because the instru-
ment has a dichroic that splits the incoming beam into
a short-wavelength channel and long-wavelength chan-
nel, so simultaneous imaging and/or spectroscopy are
possible at short (<2.4µm) and long (>2.4µm) wave-
lengths. In principle, the DHS can be used to simulta-
neously cover 1.0µm to 2.0µm while the long-wavelength
grisms cover either 2.44µm to 4.02µm (with the F322W2
filter) or 3.88µm to 4.98µm (with the F444W) filter.
Thus, the DHS data come “for free” with any long-
wavelength NIRCam grism data, aside from readout and
data rate considerations discussed in Section 2.3. For
the example above of HD 209458b, simultaneous DHS
data would reduce the required transits from four to
three, saving about 11 JWST hours if the wavelengths
from 2.0µm to 2.4µm and higher Signal to Noise ra-
tios (SNRs) from NIRISS are not required. The DHS
is expected to collect similar photon levels as HST’s
1 Or, alternatively NIRSpec’s G235H and G395H modes (1.7−
5.0 µm.
2 http://www.stsci.edu/hst/proposing/apt
3 The prisms that spatially separate the 10 DHS spectra cross-
disperse the second order spectrum by 0 to 15 pixels, so the con-
tamination can be reduced in some cases.
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Figure 1. Resolving power as a function of wavelength for the
DHS.
WFC3 grisms because the DHS pupil coverage (∼30%)
and relative throughput (∼30% versus ∼40% with WFC3
http://etc.stsci.edu) are together similar to the ra-
tio between telescope collecting areas. Therefore, the
DHS is like a free coordinated HST observation for ev-
ery long-wavelength NIRCam grism transit but without
the interruptions or thermal consequences of HST’s low
earth orbit.
Since the DHS was not originally designed for science
observations, it is not yet an approved mode for the
James Webb Space Telescope science operations. In this
white paper, we explain the value of the DHS mode to
fully take advantage of two NIRCam channels to maxi-
mize JWST’s science potential for transiting planets as
well as discuss the specifics of its implementation. In
section 2, we discuss how the DHS would work for time-
series observations and the implications of reading out
several detectors simultaneously at a high frame rate.
In section 3 we discuss the added science that can be
achieved with the DHS, including the brightness limits
and improved precision in retrieved parameters for a rep-
resentative system.
2. DHS IMPLEMENTATION
2.1. DHS properties
The DHS expands the wavelength range that NIRCam
can achieve on a single observation by simultaneously ob-
taining spectroscopy with NIRCam’s short wavelength
channel and long wavelength channel. The maximum
wavelength range for the F150W2 filter in the short wave-
length channel is fixed at 1.01 to 2.02µm with the region
from 2.02-2.35µm contaminated by second order over-
lap. The DHS are slitless, so the resolution is set by
the pupil sizes of the individual DHS elements, which
are approximately the same width as each other in the
dispersion direction. Figure 1 shows the resolving power
as a function of wavelength, estimated from a narrowly
peaked input spectrum and the fits to the spatial width
along the spectrum. There is a spatial gap between short
wavelength detectors which corresponds to about 0.04µm
in wavelength. The center of this gap depends on source
position. The DHS can be used in tandem with either the
F322W2 or F444W filter for the long wavelength grism
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Figure 2. Throughput as a function of wavelength for the DHS
grism, F150W2 filter and F200W filter that includes the telescope
and instrument transmission. The total throughput is the product
of the filter curve, “DHS” grism and the pupil area fraction from
Table 2..
observations. The properties of the DHS as compared
to the grisms are listed in Table 1. If the region from
2-2.23µm is highly desirable such as for measuring the
CH4 feature shown in Figure 9b, the DHS can be used
with the F200W filter (1.75 to 2.23µm half maximum) to
partially fill in the gap between the DHS+F150W2 spec-
trum and the long wavelength channel (grism+F322W2
spectrum), though the DHS grism transmission is lower
above 2.0µm, shown in Figure 2.
2.2. DHS Layout
A point source observed with the DHS and grism
modes of NIRCam will produce 10 spectra on the short-
wavelength channel and one spectrum on the long-
wavelength channel – see Figure 3. The DHS spectra
span two of NIRCam’s short-wavelength detectors (cov-
ering 1.02µm to 2.02µm when using the F150W2 filter)
with a 0.04µm gap due to the separation between detec-
tors. The DHS mode is well suited for one bright source
because it spreads the light over the 10 separate spectra,
but is ill-suited for a crowded field, where the spectra
would overlap. Each of the DHS spectra are separated
in the spatial direction by an average of 123 pixels, so
a sub-array of at least 1300 pixels must be extracted to
gather all DHS flux for a single source.
Each DHS spectrum covers roughly 4% of the JWST
pupil, though they vary in size and throughput depend-
ing on where they lie relative to the secondary mirror
strut supports, seen in Figure 4. We elect to clock the
pupil wheel by 1.9◦ in order to align the spectra with
rows on the short wavelength detector. Aligning spectra
along the rows enables small stripe mode readouts (such
as 2048 × 64) to read one DHS spectra simultaneously
with long wavelength grism spectra. This is needed for
bright targets that will saturate the long wavelength de-
tector with longer frame times, as discussed in Section
2.3. There is a price for clocking the DHS pupil wheel
to align spectra with rows: all DHS grisms are partially
obscured by either the secondary supports or the outer
edges of the primary, save elements 7 and 10. Fortu-
nately, the relative obscuration for all 10 DHS spectra is
small, going from 32% total throughput when the pupil
wheel is centered (which produces tilted spectra), versus
29% if the pupil wheel is clocked to align the spectra
along rows.
The throughput for DHS spectroscopy is the product
of the DHS grating efficiency, telescope and instrument
throughput for a given filter (both shown in Figure 2) and
the pupil coverage by the DHS elements listed in Table 2.
A fractional pupil of 1.00 would use the entire pupil and
thus take advantage of the maximum JWST collecting
area. For a sub-array size encompassing only 1 DHS
spectrum (such as a 2048 × 64 subarray), the largest
unobscured DHS element should be used - number 7 in
Figure 4. Only the long-wavelength grisms of Module A
are considered here, because those in Module B lack an
anti-reflective coating.
2.3. Readout Considerations
NIRCam’s detectors have numerous pixel readout
schemes that factor into saturation limits and SNR cal-
culations for a given observation. We adopt the following
nomenclature for the readout (Figure 5): an integration
(also commonly refered to as a “ramp”) consists of a
pixel-reset frame followed by one or more groups of non-
destructive reads to sample the pixels’ charge accumu-
lation. An exposure is considered to be a collection of
multiple integrations of the same type and length. Fi-
nally, an observation consists of many exposures.
The NIRCam instrument supports 9 dedicated read-
out modes, each with a set number of reads up the ramp
co-added on board (collectively called a group) and a
set number of reads dropped between the groups, both
of which reduce data volume. As the exoplanet transit
science case will be focused on bright targets, we con-
sider two of the allowed modes in this paper: RAPID
(all read frames up the ramp are saved and downlinked)
and BRIGHT1 (alternating reads up the ramp dropped,
i.e. reset-read-drop-read-drop-...). In these cases, the
number of coadded frames is 1, so the number of groups
is the same as the number of reads. A general discus-
sion of HAWAII-2RG detector readouts can be found in
Rauscher et al. (2007) and a detailed description of the 9
readout patterns implemented for NIRCam can be found
in Roberto (2009, 2010).
We consider a simplified example of a time series of 4
integrations using 2 Groups in RAPID mode (a standard
correlated double sampling, CDS pattern) illustrated in
Figure 5 and assume an approximate frame time of 10.0
seconds, close to the actual 10.74 seconds full frame read
time. CDS is equivalent to RAPID mode with 2 reads up
the ramp. The raw data delivered to observers for use in
a pipeline would contain a data cube. If the data is in full
frame mode, the cube would have dimensions of 2048 ×
2048 × 8, which can be thought of as 8 image planes. In
this example there are 4 integrations, each consisting of a
reset followed by two read frames, which are saved as two
image planes per integration. For simplicity in this ex-
ample, we ignore many of the corrections that are applied
in a pipeline such as non-linearity correction, reference
pixel correction, intrapixel capacitance, flat fielding etc.
Under these assumptions, the flux (in DN/s) in any in-
tegration is the difference between the two reads divided
by the frame time. This reduces the 8 image planes, to 4
flux planes, one per integration. Spectral extraction on
the flux planes (e.g. Horne 1986) then produces the flux
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Table 1
Simultaneous DHS and Grism Properties (Module A)
DHS Grism
Resolving Power: 299 - 334 1200 - 1550
Dispersion: 0.29 nm / px 1.0 nm / px
Wavelengths: 1.05 - 2.02µm (F150W2)a 2.44 - 4.02µm (F322W2)
1.75 - 2.23µm (F200W)b 2.44 - 4.02µm (F322W2)
1.01 - 1.94µm (F150W2) c 3.88 - 4.98µm (F444W)
Plate Scale: 32 mas / px 65 mas / px
Undeviated Wavelength: 1.36µm 3.94µm
aFor a field point matched to the F322W2 filter and long wavelength grism.
bFor a field point matched to the F322W2 filter and long wavelength grism.
cFor a field point matched to the F444W filter and long wavelength grism. There is a 0.04µm gap between detectors that depends on
field position.
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Figure 3. DHS wavelength coverage (when using the F150W2 filter) for two field positions that will permit grism spectroscopy simulta-
neously with the F322W2 and F444W filters in the long wavelength channel for the same input source. The V2/V3 axes show the JWST
observatory axes and the detectors (A1 - A5) are shown with their (0,0) corners as black boxes. The circles plotted for each grism are the
shortest usable wavelength, undispersed wavelength and longest usable wavelength.
per wavelength bin. A final reduced time series would
consist of flux values at each given wavelength bin for
each of the 4 time coordinates centered on 15 sec, 45
sec, 75 sec and 105 sec relative to the beginning of the
observation sequence.
The BRIGHT1 and RAPID modes give high time res-
olution and allow one to detect and flag cosmic ray hits
without having to discard large amounts of data. The
number of groups per integration is a variable set in
a proposal with APT. When the number of groups is
1 (“1 Group Readout”), there is no ability to subtract
out the current bias frame so it relies on the bias level
being constant through the whole time series. When
the number of groups is 2, the slope can be calculated
from the difference between the two reads divided by the
group time. It is the same as the CDS mode described
above when using RAPID readout. For a higher number
groups, a line is fit to the the ramp to calculate a slope
image for every integration. In exoplanet time series, the
high signal to noise ratios required generally mean that
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Figure 4. DHS pupil coverage by each of the 10 DHS grisms,
with the fractional throughput given in Table 2. The throughput
is modulated by the size of the DHS grism as well as whether it
coincides with a secondary mirror support (inverted “Y” shaped
feature). The pupil wheel is clocked to make the DHS spectra
straight along rows. This moves the DHS elements off-center from
JWST’s pupil and thus decreases the throughput for elements 1
and 6 substantially, but the overall combined throughput for all 10
elements is only reduced from 32% to 29%.
bright sources will be observed so these will generally
not benefit from skipped frames or co-added frames of
other JWST readout modes, which come at the expense
of lower time resolution, reduced ability for cosmic ray
rejection and fainter saturation limits.
Each NIRCam array must be read out with identical
window sizes and exposure times due to restrictions in
the Onboard Scripting Software (OSS). This means that
some balance must be made between saturating the grism
spectrum (which has much higher throughput) in the
long-wavelength and getting the most flux in the short-
wavelength DHS spectra (which have lower throughput
and also spread the light over more pixels). The cur-
rent time series observing templates available in APT
are limited to subarray sizes of 2048 × 64, 2048 × 128,
Table 2
DHS Pupil Coverage
Aperture # Pupil Fraction
1 0.012
2 0.032
3 0.032
4 0.040
5 0.021
6 0.015
7 0.042
8 0.040
9 0.036
10 0.022
Total 0.292
The pupil coverage of the 10 DHS grisms compared to the total
primary collecting area for the pupil wheel position that aligns
DHS spectra with detector rows.
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Figure 5. Schematic of example readout modes for an exposure
that is 12 frame times in duration. A single exposure consists
of 1 or more groups per integration. No reset frames or dropped
frames are saved. 1 Group, RAPID readout can be used to increase
the saturation limits provided that drifts between reset levels are
sufficiently stable. The BRIGHT1 readout increases the observ-
ing efficiency and reduces data volume over CDS but has a longer
minimum integration time, resulting in fainter saturation limits.
2048 × 256 and 2048 × 2048 (full frame), which would
respectively cover 1, 1, 2 and 10 DHS spectra as shown
in Figure 6. These are the subarrays that will be avail-
able to Cycle 1 science programs and likely stay this way
for continuity through the mission in order to stick to
detector “sweet spots” that are well characterized and
calibrated. In principle, the short wavelength detectors
can be read out with different sizes and read patterns
from long wavelength array or even what is available in
APT, but the science benefits must be traded off with op-
erational costs to implementing and testing new modes
in the OSS software and data handling.
We recommend that the sub-array locations be ad-
justed such that the short-wavelength sub-array can be
centered on one DHS spectrum or a subset of the 10 and
the long-wavelength array can be centered on a single
grism spectrum. For the 2048 × 64 and 2048 × 128
subarrays, which can only encompass one spectrum with
more than 10 pixels of background, they should be cen-
tered on the spectrum from element 7, since it has the
Table 3
Grism & DHS Performance
Sub-Array Size LW Saturation # of DHS DHS Noise
K Magnitude ppm
2048× 64 4.52 1 72 – 110
2048× 128 5.26 1 100 – 160
2048× 256 6.01 2 100 – 160
2048× 2048 8.26 10 160 – 270
G2V-type star saturation K band limits are shown for the cur-
rent available array sizes in APT, which determine the number of
spectra from DHS elements that can be included. The noise in the
DHS spectra over 1.1 – 1.9µm at the given saturation limit for a
1-hour transit is shown in column 4 at native R ∼ 300 resolving
power.
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Figure 6. Example DHS image on the A1 short wavelength de-
tector taken during cryogenic vacuum testing of the flight hardware
– see Figure 3 for the detector’s position. Each element is labeled
corresponding to the DHS apertures shown in Figure 4 and pupil
fraction in Table 2. The sub-array size options currently available
(all 2048 pixels wide) are shown with selections for the brightest
spectra available - elements 7 and 8.
maximum possible throughput listed in Table 2. For the
2048 × 256 subarray, the location should be centered
between the spectra from elements 7 and 8 since they
have the highest throughput of any adjacent pairs from
Table 2. These recommended subarray positions are il-
lustrated in Figure 6.
The balance between saturating the long-wavelength
grism and getting enough SNR in the DHS is listed in
Table 3. The table shows the brightest observable G2V
star for a given array size in the long-wavelength grism
and the DHS noise at 1.1 to 1.9 µm for a G2V type star
at this brightness observing a 1 hour long transit and 1
hour on a star out of transit, binned to the native resolv-
ing power of R ∼ 300. We use the standard correlated
double sampling (CDS) readout mode shown in Figure 5
and we consider 80% well depth in the second read as
saturation. If the bias level after each reset remains sta-
ble over the course of observations, it may be possible
to use “1 Group Readout”, illustrated in Figure 5. The
1 Group Readout method can push the brightness limits
by a factor of 2 over CDS because it reduces the inte-
gration time by a factor of two. The sub-array sizes and
order of DHS elements is shown in Figure 6. For the
brightest sources, which require the 2048 × 64 pixel sub-
array, the DHS throughput loss is significant, because
only 1 DHS spectrum out of 10 is used, meaning only
4.2% of JWST’s 25 m2 collecting area is used.
2.3.1. Data Volume
For most transiting planet science, the targets are
bright so the pixels will be read out with very few or
zero co-added and dropped frames. The amount of data
streaming from the detectors can overload the Solid State
Recorder (SSR), which has a capacity of 540 Gbits (Johns
et al. 2008). We consider the use of 458 Gbits of space
for science data as the maximum the SSR can handle at
once to allow for storage of telemetry. This overload can
happen in as few as 10.3 hours if three NIRCam detec-
tors are used simultaneously and all are read out with
four amplifiers in CDS mode (meaning no samples are
co-added or dropped) – see Figure 7.
In normal operations, science and telemetry data from
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Figure 7. The maximum time JWST NIRCam can expose three
detectors (e.g. A1, A3 and A5 in Figure 3) before filling up JWST’s
Solid State Recorder (SSR). The readout modes shown are for
RAPID readout and BRIGHT1 readout for both 1 amplifier and
4 amplifiers. The number of pixels read out affects the integration
time and thus the data rate. The time needed for a phase curve of
the planet HD 189733b and a transit of the system are shown for
reference.
the James Webb Space Telescope are downlinked in a
4 hour contact time with an antenna in the Deep Space
Network (Dashevsky & Balzano 2008). There will be two
downlinks per day so on average the total data rate can
be no more than ∼458 Gbits per 12 hours. Science oper-
ations can continue during the 4 hour contact time, but
re-pointing the high gain antenna can cause <0.07 ′′ dis-
turbances (Beichman et al. 2014). To satisfy these nor-
mal operations, the data volume is a concern for bright
objects requiring longer than ∼10 hours of continuous
spectroscopy when using 3 detectors and 4 amplifiers si-
multaneously.
There are a few ways to reduce the data volume
streaming from the detectors. One way is to read each de-
tector with a single amplifier. This reduces the frame rate
by a factor of four (for the four amplifiers), thus allow-
ing ∼40 hours before filling JWST’s solid state recorders.
The lower frame rate, however, means that the detector
saturates at 1/4 the flux as four amplifiers. Second, the
detector reads can be skipped or co-added such as in
BRIGHT1 mode, seen in Figure 5. In BRIGHT1 mode,
a frame is dropped between read 2 and read 1 to increase
the integration time and efficiency while reducing data
volume. This only works for sources faint enough that
the long-wavelength grisms do not saturate. Perhaps fu-
ture changes to the OSS could allow operating the LW
detectors with 4 outputs and the SW ones with 1 output,
reducing data volume considerably.
3. SCIENCE BENEFITS WITH THE DHS
3.1. Brightness limits
The DHS has the brightest saturation limits of any
spectroscopic mode on JWST because each of the 10
DHS elements samples only 1% to 4% of the pupil and
the light is dispersed over two short wavelength detectors.
Figure 8 shows the saturation limits for the DHS mode
along with NIRCam’s long-wavelength grisms and the
known transiting systems from exoplanets.org (Han
et al. 2014), plus Motalebi et al. (2015). The satura-
tion limits are found using pysynphot (Lim et al. 2015)
NIRCam’s DHS Mode 7
with Phoenix stellar models (Allard et al. 2012) rang-
ing from 4.0 to 5.0 in log(g). Any known transiting
planet system can be observed with the DHS, includ-
ing the super-Earth 55 Cnc e (McArthur et al. 2004) at
K=4.0, which saturates the long-wavelength grism with
the F322W2 filter and the brightest known transiting sys-
tem HD 219134b (Motalebi et al. 2015) at K=3.4. The
DHS also enables characterization of any future targets
found in this brightness range, such as by the Transiting
Exoplanet Survey Satellite (TESS) (Ricker et al. 2014).
We plot the expected yield of TESS (Sullivan et al. 2015)
in Figure 8 and none of the simulated targets saturate
the DHS.
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Figure 8. Saturation limits of the DHS mode (blue line), the
long-wavelength grism + F322W2 filter combination (green line)
and the long-wavelength grism + F444W filter (dark red line) as a
function of stellar effective temperature. The magnitudes are Vega
KS magnitudes where 80% of the well depth is filled in the standard
CDS readout mode (described in Figure 5) for a 2048 × 64 pixel
sub-array using 4 amplifiers. The blue points are known transiting
systems and the green points are simulated TESS planets (Sullivan
et al. 2015).
3.2. CHIMERA Models
We use the CHIMERA atmospheric retrieval suite
(Line et al. 2013, 2014) to illustrate the scientific value
of using the DHS simultaneously with NIRCam’s long-
wavelength grisms. We first simulate a forward model
of a transmission spectrum for two planets, HD 209458b
(Henry et al. 2000; Charbonneau et al. 2000) and HAT-
P-12b (Hartman et al. 2009). We then add Gaussian
noise using the SNR estimated on the target to create
a simulated spectrum. Finally, we run a Markov Chain
Monte Carlo (MCMC) retrieval of the atmospheric pa-
rameters for the simulated spectrum to try to recover
the initial abundances and determine the uncertainties
in those abundances, as in Greene et al. (2016).
To construct the model atmospheres and generate a
spectrum we require a thermal profile and molecular
abundances. For simplicity, we assume isothermal at-
mospheres at the planetary equilibrium temperatures.
Molecular volume mixing ratios are assumed to be in
thermochemical equilibrium at a represenatitive pres-
sure (0.01 bars) and temperature using the NASA CEA
code4(Gordon & McBride 1996) at the prescribed plane-
tary metallicity, derived by rescaling the solar elemental
abundances (Asplund et al. 2009). For HD 209458b (0.7
MJup), we prescribe solar metallicity since it is close to
one Jupiter mass. For HAT-P-12b (0.2 MJup), we pre-
scribe a planet metallicity of 22 × solar using the relation
from Kreidberg et al. (2014). In both cases, we reduce
the oxygen volume mixing ratio to account for the rain-
out out of MgSiO3 and MgSiO4 which are below their
condensation temperatures (Sing et al. 2016), but this
only results in a ∼ 20% change in the Oxygen abun-
dance.
We assume isothermal temperatures of 1440K and 960
K for HD 209458b and HAT-P-12b respectively. Molec-
ular abundances are assumed constant with altitude at
the 0.01 bar thermochemical values. While this “0D”
model is likely unrealistic, more sophisticated 1D mod-
els in general may be unrealistic given the uncertainties
due to the impact of 3-dimensional effects (e.g. Line &
Parmentier 2016; Feng et al. 2016). We include H2O,
CO, CO2, CH4, NH3, C2H2, HCN and collision-induced
absorption (CIA) of hydrogen as the sources of opac-
ity (with absorption cross-section derived from Freedman
et al. (2014) and references therein), but only H2O, CH4,
CO and CO2 contribute significantly to the opacity, as
seen in Figures 9a and 9b. For the HAT-P-12b model,
we include an opaque gray cloud deck at 1 mbar to sim-
ulate the effect of clouds on reducing spectral features in
a planet spectrum. For HD 209458b, this cloud deck is
placed at a pressure level of 1 bar which is too deep to
affect the spectrum, as shown in Figure 9a.
3.2.1. Simulated Observations and Retrieval Methods
For the simulated observations, we assume one tran-
sit is obtained in each of NIRCam’s long-wavelength fil-
ters (F322W2 and F444W) to cover the wavelength range
from 2.44µm to 4.98µm. We assume that each of these
was accompanied by a DHS observation for the 1.0µm
to 2.0µm wavelength range, which benefits in SNR by√
2 for the two separate observations. This observing
scenario is compared to a scenario that does not include
the DHS to show the added scientific value of using the
DHS spectra. The readout mode in all cases simulated
is RAPID readout (all reads saved up the ramp without
skips, discussed in Section 2.3) with 10 reads up the ramp
for HD 209458 and 25 reads up the ramp for HAT-P-12b.
The noise models for the hot Jupiter HD 209458b are
shown in Figure 11, which is dominated by the resid-
ual systematic noise floor (set to 30 ppm) for the long-
wavelength grisms (>2.44µm) but photon noise is more
significant for the short-wavelength DHS observations.
The DHS has lower total throughput (∼8% including
pupil coverage factor) and a smaller wavelength cover-
age than the NIRISS instrument in SOSS mode (∼30%
throughput5), so observations which require higher SNR
and full wavelength coverage from 0.6 to 2.5 µm can take
advantage of NIRISS (also shown in Figure 11) at the ex-
pense of more telescope time.
We use the emcee version of CHIMERA (Greene et al.
2016) to recover the individual atmospheric abundances
of the simulated spectrum. The retrieval model includes
4 http://www.grc.nasa.gov/WWW/CEAWeb/ceaHome.htm
5 http://maestria.astro.umontreal.ca/niriss/simu1D/simu1D.php
8 Schlawin et al.
2 3 4 5 6 7 8 9 10 11
Wavelength (µm)
13600
13800
14000
14200
14400
14600
14800
15000
15200
(R
p
/R
∗)
2
 (
p
p
m
)
DHS
F322W2+Grism
F444W+Grism
MIRI LRS
HD 209458b, 1X Solar, Clear
H2O
CH4
CO
CO2
NH3
Sim Data
(a) HD 209458b
2 3 4 5 6 7 8 9 10 11
Wavelength (µm)
19000
19500
20000
20500
21000
21500
(R
p
/R
∗)
2
 (
p
p
m
)
DHS
F322W2+Grism
F444W+Grism
HAT-P-12b, 22X Solar, Cloudy
H2O
CH4
CO
CO2
NH3
Sim Data
(b) HAT-P-12b
Figure 9. Model spectra separated by molecule for HD 209458b and the inflated warm Saturn HAT-P-12b. The new DHS mode would
allow simultaneous spectra at 1-2µm “for free” when observing with either NIRCam’s F322W2 or F444W slitless grism observations in
its long-wavelength channel. a) The simulated data for HD 209458b consist of one transit in each of the long-wavelength grism modes,
each accompanied by simultaneous DHS grism spectra. The observations longer than 5µm are simulated for MIRI’s Low Resolution
Spectrometer. b) HAT-P-12b is an inflated warm Saturn with an opaque cloud deck at 1 mbar. Error bars shown are for simulated
observations of 2 total transits: one transit with the DHS and F322W2+grism together and one transit with the DHS and F444W+grism
together for a total of about 17 hours of JWST time. A planet metallicity of 22 × solar was assumed from the relation in Kreidberg et al.
(2014)
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Figure 10. Posterior distributions for MCMC runs of HD 209458b and HAT-P-12b with the DHS (blue) and without the DHS (green).
The H2O correlates strongly with CO2 and CO, meaning that improved measurements of H2O with the DHS actually help improve
constraints on the Carbon bearing species, even though there aren’t any significant CO or CO2 features in the 1-2µm range. Abundances
are given in log10 (ppm). Cloud pressure is in log10 (bar).
13 free parameters: 1) the temperature of the isother-
mal profile; 2) the altitude of the 10-bar pressure surface
where the model begins; 3) a cloud pressure level be-
low which all stellar flux is absorbed at all wavelengths;
4) through 11) the constant-with-altitude mixing ratios
of H2O, CH4, CO, CO2, NH3, C2H2, HCN, N2, respec-
tively; 12) an amplitude of a Raleigh-like haze; and 13)
a power law index for the Raleigh-type haze. We assume
uniform-in-log priors from 10−12 to 1 for all volume mix-
ing ratios. The autocorrelation time for the retrievals is
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about 100 steps and we run all retrievals to 20,000 steps,
only using the last 5,000 (times 160 walkers) to allow for
burn-in.
3.3. Parameter Estimation Results
The posterior distributions for retrieved parameters for
the most important abundances are shown in Figure 10.
We show the posterior distributions for two cases:
1. An observation with the long wavelength grisms
alone (2.4-5.0µm), shown in green.
2. An observation with the long wavelength grisms
(2.4-5.0µm) with simultaneous DHS spectra (1.0-
2.0µm), shown in blue.
For the spectral data they have in common (2.4µm to
5.0µm), we use the same noise instance to make direct
comparison easier.
The posterior distributions for HD 209458b in Fig-
ure 10a show improved constraints on the temperature,
cloud pressure level and the abundances of H2O, CO and
CO2 when the DHS is used simultaneously with the long
wavelength grisms (Case 2) as compared to when the
long wavelength grisms are used alone (Case 1). These
improvements come about, in part, because the 1.0µm to
2.0µm wavelength region probes to deeper pressure lay-
ers (∼ 400 mbar) to exclude clouds and better constrain
the scale height.
The warm Saturn HAT-P-12b model shows improve-
ments to the temperature constraints, but the cloud
pressure measurements have similar uncertainties with
and without the DHS. This is because the 1mbar cloud
layer begins to affect the opacity near 4.0µm, which
is measured by the long wavelength grisms. As with
HD 209458b, the DHS improves constraints on the H2O
and CO2 abundances, but since the planet is at a cooler
temperatures, chemical equilibrium favors CH4 over CO,
so the constraints are much better on CH4.
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Figure 11. Calculated SNR for one transit of the hot Jupiter
HD 209458b for the NIRISS SOSS mode, NIRCam F322W2 and
F444W filters and the MIRI LRS mode for a total of 4 different
transits or ∼44 JWST hours. Similar wavelength coverage can be
achieved in just 3 different transits or ∼33 hours if the DHS mode
is enabled (bottom spectrum).
One of the surprising aspects to the retrievals is that
the DHS improves both the constraints on the CO and
CO2 abundances as well as the H2O abundances, seen in
Figure 10a and Figure 10b. A quick glance at the contri-
butions of individual molecules to the spectrum shown in
Figures 9a and 9b would indicate that the DHS is mainly
important for water vapor. However, the retrieval for the
spectrum with only NIRCam’s long-wavelength grisms
has a strong correlation between the retrieved H2O abun-
dances with CO2 and CO, shown in Figure 10a. Improv-
ing the water vapor constraint with the DHS, reduces the
correlation and therefore improves the abundance con-
straints for all three.
4. CONCLUSIONS
The James Webb Space Telescope will provide un-
precedented measurements of transiting exoplanets, es-
pecially for carbon-bearing and nitrogen-bearing gases
in their atmospheres. The time needed to observe in
JWST’s full range of wavelengths from 0.6µm to 28µm,
however, can add up quickly since many transits are
needed with different instrument modes to cover all wave-
lengths. We introduced a new science mode using the
Dispersed Hartmann Sensors on the NIRCam instrument
which enable simultaneous measurements of spectra at R
∼ 299 - 334 from 1.0 to 2.0µm while using the NIRCam
long-wavelength grisms covering either 2.4µm to 4.0µm
or 3.9µm to 5.0µm. The fact that the two sets of grisms
operate simultaneously allows more science to be done in
the same amount of time. The readout mode and sub-
array size must be chosen carefully on the DHS so as to
not saturate the long-wavelength grisms.
The DHS mode enables more science because it has the
brightest saturation limits of any JWST spectroscopic
mode and can increase the wavelength coverage of a sin-
gle observation. The brightest known systems and sim-
ilarly bright future TESS targets will be accessible with
NIRCam’s DHS mode. We present example usage of the
DHS mode on two systems and show that the temper-
ature, cloud pressure level and water vapor constraints
are improved with the DHS. Furthermore, the improved
water vapor constraints also feed back to higher preci-
sion CO and CO2 abundances because of the correlation
of these derived parameters. We encourage the imple-
mentation and approval of the DHS mode to enable this
additional science in less time for this limited life obser-
vatory.
4.1. Specific Changes Needed for Implementation
We summarize the specific changes to the existing op-
erations needed for the DHS here:
1. Allow the NIRCam pupil wheel to be used for sci-
ence at the DHS element position with spectra par-
allel with detector rows
2. Allow subarray locations to be different for the
short wavelength arrays and the long wavelength
arrays in order to capture the spectrum for ele-
ment number 7 for 2048 × 64 and 2048 × 128 sub-
arrays and both element numbers 7 and 8 for the
2048 × 256 subarray
3. Choose field points from NIRCam’s long wave-
length grism to allow simultaneous DHS spec-
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troscopy with all 10 DHS elements when reading
out in full frame (2048 × 2408) mode
4. Change the OSS software and timing so that large
subarrays may used with the DHS simultaneously
with small 2048×64 subarrays with the long wave-
length grisms
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